Abstract. Spectroscopic properties, useful for plasma diagnostics and astrophysics, of a few rubidium-like ions are studied here. We choose one of the simplest, but correlationally challenging series where d− and f − orbitals are present in the core and/or valence shells with 4d 2 D 3/2 as the ground state. We study different correlation characteristics of this series and make precise calculations of electronic structure and rates of electromagnetic transitions. Our calculated lifetimes and transition rates are compared with other available experimental and theoretical values. Radiative rates of vacuum ultra-violet electromagnetic transitions of the long lived Tc 6+ ion, useful in several areas of physics and chemistry, are estimated. To the best of our knowledge, there is no literature for most of these transitions.
INTRODUCTION
Rubidium-like ions are favorable candidates as testing ground for high precision spectroscopic measurements and accurate theoretical calculations due to their relatively simple, but highly correlated, electronic structure. In the present theoretical work, we have considered a few ions of the Rb isoelectronic sequence (Y III, Zr IV, Nb V, Mo VI and Tc VII) having the ground state configuration [Kr]4p 6 4d 1 . Recent investigation has reported the evidence of the presence of Y III and Zr IV in the spectrum of a subdwarf B star [1] . Being a metastable state, the first excited state 4 2 D 5 2 has potential applications in astrophysics and plasma diagnostics [2, 3] [5] . All the three long lived isotopes ( 97,98,99 Tc) of tecnetium [6] are abundant in various scenarios of star evolution. A star can produce this element through nuclear fusion or neucleosynthesis. And its abundance reflects the evolution process of the star [7] . Recently, Werner et al. [8] analyzed abundances of technetium ions in ultraviolet spectra of hot white dwarfs and showed that Tc 6+ may be present there. The Tc + ion, relevant for astronomical observations, had been studied by Palmeri et al. [9] . However, very few electronic structure data for Tc VII are found in literature. The observations of neutral [10] and ionized technetium [8] suggest the significance of our calculations on oscillator strength of the Tc 6+ ion. Lifetimes and oscillator strengths for a few allowed transitions of rubidium-like ions were calculated by Zilitis [11, 12] using the Dirac-Fock method. Most recently, corepolarization augmented Dirac-Fock oscillator strengths have been studied for this ion sequence in the vicinity of the d orbital collapse region [13] . Safronova and Safronova [14] calculated transition properties of various allowed and forbidden transitions for Y III using a relativistic all-order many-body perturbation method (RMBPT). Measurements on the lifetimes of a few low-lying states of Y III were conducted using the time-revolved laser-induced fluorescence method by Biémont et al. [15] . In adition, a number of theoretical calculations and experimental measurements were performed in the last two decades on various atomic properties of different Rb-like ions, which are discussed in detail in Ref. [11, 16] .
The aim of this paper is three fold: a) to calculate the ionization energies (IEs) of few low-lying states and estimate the electric dipole oscillator strengths among them for YIII-Tc VII ions, b) to study the nature of different correlation for this sequence, c) to make correlation exhaustive estimations of allowed and forbidden transition amplitudes for a few low-lying states and their contributions to accurate estimation of lifetimes of the states. These correlation studies allow us to estimate the accuracy of our calculations for Tc VII. We have employed the relativistic coupled-cluster (RCC) theory [17, 18, 19, 20, 21] with cluster operators corresponding to single, double and partially triple excitations for the estimations of the correlations. This is one of the most accurate many-body methods to calculate the correlated atomic properties.
THEORY
Here our primary aim is to solve the energy eigenvalue equation, i.e., H|ψ v = E v |ψ v corresponding to the Dirac-Coulomb Hamiltonian [19, 23, 24, 25] 
Here, |ψ v is a correlated wave function of a single valence ion, v represents the orbital containing the valence electron. Using the coupled-cluster theory [24] , one can express this correlated wave function as
The state |φ v has been generated at the Dirac-Fock level with V N −1 potential (N is the total number of electrons) approximation using Koopman's theorem [26] . Here T and S v are the closed-shell and open-shell cluster operators, respectively. In the present work, the cluster operator T considers single and double excitations to a finite set of virtual orbitals from the core orbitals (fully occupied). S v does the same but excites at least one electron from the valence orbital [19] . However, a class of triple excitations are included here in the estimations of the correlation energy through a perturbative approach. This formalism of the coupled-cluster method is well-known in the literature as RCCSD(T) [19] . By solving the energy eigen-value equations, we determine the amplitudes of excitations corresponding to the cluster operators and ionization energies for various valence configurations.
A normalized transition matrix element of any operatorÔ can be expressed in a generalized form based on the RCC theory as
Eq.(3) can be explicitly written in terms of dressing of the open-shell operator on the closed-shell matrix elementŌ (=e T †Ô e T ), which in order to explicitly analyze the contributions from different kinds of correlation factors, appears as a consequence of the RCC theory [21] . Here '1' and '2' in the subscript of the cluster operator indicate single and double excitation operators. The difference between the corresponding matrix elements ofŌ andÔ gives the core correlation contribution. Whereas, the matrix elements (ŌS 1i + S † 1fŌ ) and (ŌS 2i + S † 2fŌ ) yield the pair correlation and core polarization, respectively, at the lowest order level.
The detailed descriptions of the calculation of the electric dipole (E1 ), magnetic dipole (M1 ) and electric quadrupole (E 2) matrix elements and their associated transition oscillator strengths and probabilities are available in Ref. [19] . The lifetime τ k of a state k can be calculated using the formula,
where i A k→i sums the probabilities for all different channels of emissions from the state k to all possible states i.
RESULTS AND DISCUSSIONS
We have used the basis set expansion technique to solve the Dirac-Fock equations for many-electron reference states in the RCC formalism, as mentioned in our earlier work [17, 18, 27, 28, 29, 30, 31] . The reference states can be presented in the form of Slater determinants, i.e., antisymmetric products of the occupied DF orbitals. The Gaussiantype-orbital (GTO) bases are used [32] to generate the radial part of the Dirac-Fock orbitals. Here we consider universal-type optimized exponent in the radial part of the GTO basis functions. The numbers of the GTO basis functions for the s, p, d, f, g and hsymmetries to obtain the DF orbitals are taken as 33, 30, 28, 25, 21 and 20, respectively. The active orbitals for the RCC calculations are chosen on the basis of convergence of core correlation energies. Table 1 shows the calculated ionization energies (IEs) of different low-lying states for the ions considered here. Corresponding percentage (%) deviations ('Dev') from the recommended reference data of the National Institute of Standards and Technology (NIST) [33] are highlighted. The average deviations are 0.2% for Y III, 0.3% for Zr IV, 0.4% for Nb V and 0.4% for Mo VI. The IE values of six times ionized technetium, which is also naturally produced in geological materials [34] , are estimated with a correlationexhaustive many-body theory. There are many energy levels with more than one open shell present below the energy level of 5 2 F . Therefore, precise estimations of the 5 2 F state and beyond are not possible within the present many-body method. Table 2 compares the fine structure splitting (FSS) values of the ground state (4 2 D) for the ions with results obtained from other calculations and experiments. The transitions within fine-structure states fall in the infrared regions and are important for astronomy, medical and physiological diagnostics. Our results show a good agreement with the experimental and empirical linear least squares fitted [35] values. Table 2 also shows a definite trend where the RCC calculations produce FSS values larger than experimental ones and smaller than those of the multiconfiguration Dirac-Fock (MCDF) calculations [35] . Figure 1 (a) and (b) show the percentage contributions of the Gaunt interaction [29, 36] i.e., unretarded Breit interaction and Coulomb-correlation contribution to the IEs of states considered. For all the ions, the percentage Gaunt contributions vary within +0.04% to -0.04%. It is interesting to note that for 4 2 D states, Gaunt contributions are decreasing with the increase of ionization. The electron correlation contributes to the IEs very significantly (between 1% and 6%). In general, due to growing binding of the core and valence electrons to the nucleus with increasing ionization, the relative correlation contributions to the IEs for a particular state should decrease monotonically from Y III to Tc VII. Higher ionization means tighter valence electrons and hence relatively smaller impact of the Coulomb perturbation on the valence electrons. From Fig 1 (b) , it is seen that this trend is obeyed well for all the states, except 4 2 F states. It can be seen that the core-excited 4p 5 4d 2 states have IEs close to the 4 2 F states in the NIST data [33] . This correlation contribution is estimated from the MCDF method using the GRASP92 [37] code just for investigation, and is found to be as small as 0.0013% of the orbital IE. The 4 2 F states show a very different kind of response to electronic correlation with increasing ionization. The strong correlations in the 2 D and 2 F states change the ordering of the energy levels with changing degree of ionization. The IEs of the 4 2 F states are increasing faster with the level of ionization compared to other states presented in the Table  3 , we have compared the E1 transition matrix elements for Mo VI with the available semiempirical results obtainted from NIST [33, 39] . The semiempirical results agree with the Babushkin values of matrix elements of E1 transitions.
The calculated matrix elements of E1 transitions have significant correlation contributions in the form of core correlation (CC), core polarization (CP) and pair correlation (PC). There are a few higher-order non-negligible correlations, discussed in our earlier work [19] . They are considered here to compute the matrix elements for E1 transitions. Since the state-dependent effect of CP on E1 matrix elements is the dominant correlation mechanism [19, 21] , we only present this effect graphically in various levels of ionization for all the transitions in Fig. 3 . In this figure, the percentage values of CP contributions to the Babushkin-gauge transition matrix elements are shown with respect to the corresponding values at the DF level. This correlation effect is very strong for 4 2 D − 4 2 F transitions and increases very rapidly with increasing ionization. The remarkably high CP contribution to the total correlation is observed for 4 2 D − 4 2 F transitions of Mo VI ( 30%) and Tc VII ( 40%). With increasing ionization, the 5 2 P − 5 2 D transitions follow the same pattern as the 5 2 S − 5 2 P transitions, but with smaller amplitudes. For the 4 2 D − 5 2 P transitions, Zr IV has the maximum CP contribution among the presented ions. The trend of the CP effect with the increasing atomic number (Z) for the 6 2 S − 5 2 P transitions is approximately the same as the trend for the 5 2 S − 5 2 P transitions. However, the contributions are opposite in sign. The 5 2 D − 4 2 F transitions are the most interesting transitions for the presented isoelectronic sequence due to the collapse of the 5d and 4f orbitals. We observe the CP contribution of this transition to increase up to Nb V, and to decrease after this (i.e., for Mo VI and Tc VII). The 5 2 D states are below 4 2 F states for Y III (see Table 1 ), while they become closer in the next stage of ionization and are almost degenerate in Nb V. There is a cross-over between these two states at Mo VI. As a consequence, the 4 2 F state lies below 5
2 D for Mo VI and Tc VII. This cross-over has a strong effect on the contribution of the CP to transition rates. Table 4 shows the oscillator strengths of E1 transitions along with the experimental and calculated RCC transition wavelengths. We have compared our results with the data available in literature. The oscillator strengths are calculated using the transition matrix elements in the Babushkin gauge obtained from Table 3 and the corresponding experimental and RCC wavelengths. Migdalek [13] used two types of calculations, in which correlation effects were approximated with core polarization. The major difference between his two approaches is the different treatment of electron-electron exchange interaction. Similar non-local exchange terms have been included in our present calculations. Although the pair correlation (PC) terms are not as strong as CP, they are significant for precise calculations and are included in our present RCC formalism. Biémont et al. [15] used core polarization correction as a modification of the relativistic Hartree-Fock method (HFR+CPOL) to calculate the oscillator strengths of various transitions of Y III. The all-order relativistic many-body perturbation theory (RMBPT) used by Safronova and Safronova [14] , employs correlation operators associated with single and double excitations, but with a linearized approximation. Therefore, their method is very similar to our RCC approach apart from non-linear extra terms present in the RCC method. Their quoted uncertainty is around 0.5% on average, whereas our estimated average uncertainty (as discussed further below) is 2.3% including 2% for other relativistic and correlation terms. Zhang et al. [40] has estimated a few oscillator strengths of Y III using a weakly bound electron potential method (WBEPM) where the parameters in the potential are fitted with experimental or other theoretical data.
In TABLE 5 , we present the Babushkin-gauge matrix elements of E2 transitions at the levels of the DF as well as the RCC method. The amplitudes of E2 transitions decrease with increasing ionization for each transition. The correlation effect reduces the values of RCC matrix elements compared to the DF values for most of the transitions. On average, the correlation contributions to the E2 amplitudes are around 10%. Among them, the largest contributions are seen for transions between fine-structure states. Our RCC results for Y III are found to agree with the corresponding RMBPT results of Safronova and Safronova [14] within 0.3% to 0.8% and with the CCSD(T) results of Sahoo et al. [41] within 0.5% to 0.6%. Sahoo et al. adopted the same version of the coupled-cluster theory that we have employed. Here the difference between the two coupled-cluster results may be due to choices of active orbitals and GTO basis. In the results of Sahoo et al., the calculated pair correlation contributions with respect to DF are around 5% to 6%, whereas in our case they are 7% to 8%. Therefore, proper choices of active orbitals and basis are important.
As the PC contribution dominates over the CP contribution for the E2 transitions, we graphically present only the percentage of the PC contribution with respect to DF in Fig. 4 . The PC contribution decreases smoothly with the increase of ionic charges for all the transitions except the transitions associated with 4 2 F states. The contribution varies from 1% to 8% of the DF values in extreme cases. However, for the transitions associated with 4 2 F states, it varies from 6% to 14%. The M1 transition amplitudes of the ions are tabulated in Table 6 and compared with the only other available calculations [14, 41] transitions of Y III. As in the case of the E2 transition, our RCC results are in better agreement with the RMBPT estimations by Safronova and Safronova [14] compared to the CCSDpT results of Sahoo et al. [41] . As usual, the dominant transitions here are those between the fine-structure states of the same term. For them, M1 transition amplitudes are larger than E2 transition amplitudes. Some of these transitions can be crucial for density estimation in various stellar and interstellar media. The accuracy of our calculations of these transition amplitudes can be further estimated by comparing our calculated lifetimes, as seen in ) with the experimental lifetimes from [16] . Those authors have also calculated these lifetimes using the method of Coulomb approximation with a Hartree-Slater model core. Another set of data for these transitions are measured by the time-resolved laser induced fluorescence method [15] . We find a better agreement (1% for 5 2 P 1 2 and 5% for 5 2 P 3 2 ) between our calculated lifetimes and the experimental lifetimes from [15] . The estimated lifetimes of Safronova and Safronova [14] are in good agreement with our results with the average discrepancy of 0.8%.
Theoretical uncertainties in the calculated parameters depend on the quality of the generated wave functions, as the amplitudes are significant at the DF levels. The uncertainties are calculated from the root-mean-square deviation of transition amplitudes, which are calculated with the help of orbital wave functions obtained from the GTO basis and a sophisticated numerical approach (GRASP92 code) [37] . We should also consider the other correlation terms and quantum electro-dynamic effect (totally at most ±2%), which are not considered in this paper. Considering all these, the maximum estimated uncertainties for allowed transition amplitudes are ±2.8%, ±2.5%, ±2.9%, ±2.7%, ±2.5% for Y III, Zr IV, Nb V, Mo VI, Tc VII respectively. Whereas, maximum estimated uncertainties for forbidden transition amplitudes are ±3.4%, ±3.6%, ±4.3%, ±5.3%, ±3.5% for the above ions respectively. We do not consider the 5 2 D − 4 2 F transitions for Mo VI in the accuracy calculations due to the above-mentioned large disagreement between the Babushkin and Coulomb gauge values of oscillator strengths at the Dirac-Fock level for these transitions.
Conclusion
We have performed accurate calculations of the ionization energies of different low-lying states of a few Rb-like ions and several transition parameters between these states using RCC method. We report the effect of the energy state crossing within the iso-electronic sequence. Correlation study of these parameters shows interesting phenomena of core polarization and pair correlations. Calculated transition parameters are compared with existing theoretical and experimental results, wherever available, and good agreement is found in most cases. Many of the transition properties of Tc VII are evaluated for the first time in this literature. The accuracy of the calculations is estimated and compared with other published calculations. The calculated transition matrix elements and lifetimes are important in estimation of abundance of atomic and ionic elements in astrophysical bodies through line detection in Earth-and space-based telescopes.
ACKNOWLEDGMENTS
The calculations were carried out in the IBM cluster at IIT-Kharagpur, India, funded by DST-FIST (SR/FST/PSII-022/2010). Table 1 . 
